Multiple osteochondromas (MO) is an autosomal dominant condition, caused by mutations in either the EXT1 or the EXT2 gene. The DNA of a cohort of 35 patients, clinically suspected to be affected with MO, was screened for mutations by a combination of direct sequence analysis and multiplex ligation-dependent probe amplification (MLPA). In this cohort, 26 pathogenic gene alterations were found (74%). With sequence analysis mutations were detected in 22 patients (63%). In total, 10 mutations were detected in the EXT1 and 12 in the EXT2 gene. The number of the splice site mutations detected was larger than expected from the literature. In addition, with the MLPA four deletions of one or more exons were found in this cohort. Two patients, of whom one had a negative family history, showed deletions of exon 1 of the EXT1 gene, which is possibly a deletion hot spot. In patients suspected to be affected by MO, we recommend a quantitative analysis such as MLPA, followed by direct sequence analysis for the screening of the EXT1 and EXT2 genes.
Introduction
Multiple osteochondromas (MO), previously known as hereditary multiple exostoses, is an autosomal dominant condition characterized by the development of MO localized mainly in the juxtaepiphyseal region of long bones. 1 Osteochondromas are rarely present at birth but appear and grow throughout childhood and into puberty.
They vary greatly in number and size. Apart from the development of osteochondromas, MO is characterized by skeletal deformities and disproportionate short stature. Malignant transformation resulting in peripheral secondary chondrosarcomas is the most serious complication and occurs in 1 -5% of EXT patients. 2 -4 MO is genetically heterogeneous and at present, two genes, EXT1 and EXT2 located on 8q24 and 11p11 -p12, respectively, have been cloned. 5 -7 EXT1 has been shown to act as a tumour suppressor gene causative for the development of osteochondromas in hereditary cases. 8 MO are also seen in contiguous-gene syndromes mapped to chromosome 8q24.1 (Langer-Giedion syndrome) and 11p11 -p12 (proximal 11p syndrome). Sporadic osteochondromas are histopathologically indistinguishable from those seen in MO or in a contiguous-gene syndrome. 1 Various methods for the mutation screening of the EXT1 and EXT2 genes have been described. Most published alternatives use indirect methods, like conformation sensitive gel electrophoresis (CSGE) 9 and single-strand conformation polymorphism (SSCP), 10, 11 to detect sequence variations, and all ignore the intragenic rearrangements as a possible cause for MO. Multiplex ligationdependent probe amplification (MLPA) has recently been described as a quick and simple technique for the precise quantification of multiple sequences in a DNA sample. 12 It has already successfully been applied to several genes and chromosomal locations where deletions and duplications are known to occur frequently. 13, 14 In a previous study, a group of patients with MO was tested with two-colour MLPA and five exonic deletions were detected. 15 Some of these tested patients were part of a larger cohort of probands with MO. Here we describe the mutation screening of the EXT1 and EXT2 genes by a combination of direct sequence analysis and MLPA in a cohort of 35 patients, clinically suspected to be affected with MO. The aim was to determine the mutation spectrum and the frequency of exonic deletions and duplications in such a cohort.
Materials and methods
Patients EDTA blood samples of 35 index patients were obtained for DNA screening for mutations in the EXT1 and EXT2 genes. The phenotype of these patients was evaluated by clinical geneticists, paediatricians and internists and they were clinically diagnosed with MO. In total, 15 patients had a positive and 14 patients a negative family history. Of six patients the family history was unknown. In total, 28 patients originated from the Netherlands and seven from other countries within Europe. Genomic DNA was purified from peripheral blood lymphocytes by salting out precipitation according to standard procedure. 16 
Direct sequence analysis
The PCR for the sequence analysis was performed with oligonucleotide primers specific for the coding exons of the EXT1 and EXT2 genes, extended with an M13-forward or reverse sequence. Exon 1 of EXT1 was split into six and exon 2 of EXT2 into two overlapping fragments. Primers were according to Wells et al 17 for the fragments 1c, 1e, 1f and 2 until 10 of EXT1. For the primer sequence of the other fragments of EXT1 and all the primers of EXT2 see Table 1 . PCR products were sequenced on an ABI 3730 DNA Analyzer (Applied Biosystems) using the BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems). The raw sequence data were analysed using SeqScape Software for comparative sequence analysis (Applied Biosystems). Detected mutations and unclassified variants (UV) were confirmed on a second independent DNA sample when available.
Two-colour MLPA MLPA is a method for relative quantification of up to 40 different DNA sequences in a single reaction. The twocolour MLPA was performed as described previously. 15 In short, in an one-tube format, combinations of two adjacently annealing oligonucleotide probes were hybridized and ligated. After ligation, the common ends of the probes served as a template for PCR amplification with one primer pair and due to the fluorescent labeling of the primer the resulting products could be separated according to size using capillary electrophoresis on the ABI 3700 (Applied Biosystems). Fragment data were analysed in GeneScan (Applied Biosystems). Peak heights of patient samples were compared with control probes and ratios were calculated for all exons using an Excel spreadsheet. Thresholds for deletions and duplications were set at 0.75 and 1.25 respectively, and all samples were tested at least twice.
Results
We screened the EXT1 and EXT2 genes of 35 index patients with clinically diagnosed MO for mutations. Analysis started with direct sequence analysis of all coding exons of EXT1 and EXT2. When no pathogenic mutation was detected MLPA was performed. Nucleotide numbering of the EXT1 and EXT2 genes was based on the sequences provided by Ahn et al 5 and Wuyts et al, 7 respectively, with base one corresponding to the first base of the initiation codon (Accession nr. EXT1: NT_023811.12 and EXT2: NT_009237.13).
With sequence analysis, pathogenic mutations were detected in 22 patients (63%) and uv's were detected in four patients (11%) ( Table 2 ). In total, 10 pathogenic mutations and one uv were detected in the EXT1 gene. Three splice site, two frame shift, three stop and two missense mutations were found. The uv was a missense mutation in exon 2. This variant was detected in a patient with a positive family history. Segregation analysis was not possible in this family but the variant was not detected in a control panel of 100 chromosomes.
Mutations in the EXT2 gene were detected in 12 patients. Seven different splice site, one frame shift and three stop mutations were found. One splice site mutation was detected in two probands. Two missense mutations were considered to be uv's. One of these uv's was a silent mutation, which was detected in two probands, both with a negative family history. The other variant c.764T4C was also detected in the affected sister, father and paternal grandfather. Neither variant was found in 100 control chromosomes.
In nine patients (26%), no possible pathogenic gene alteration was detected with sequence analysis. The DNA of these nine probands and the DNA of the four patients with an unclassified variant were further analysed with twocolour MLPA. Four deletions were detected (11% of the total number of patients), three in the EXT1 and one in the EXT2 gene (Table 2) . A deletion of exon 1 of the EXT1 gene was detected in two patients.
In total, 12 of the patients with a gene alteration had a positive family history (46%), nine had a negative family history (35%) and of five the family history was unknown (19%). Three of the four patients with an exonic deletion had a positive family history.
Discussion
We have analysed 35 index patients, clinically affected with MO for the presence of mutations and exonic deletions in the EXT1 and EXT2 genes. This mutation screening was performed with direct sequence analysis and MLPA. Direct sequence analysis was chosen because of its very high mutation detection rate. This method, however, does not detect exonic deletions and duplications. To detect these quantitative gene alterations MLPA was used. This is a quick and simple technique that allows the rapid and precise quantification of multiple sequences. The twocolour approach was chosen, because it allows the rapid development of a set of probes. Especially in case of a rare disease, this approach is a good alternative to the cloning of probes.
After performing the sequence analysis and MLPA, 13 patients were found to have a mutation or a deletion in the EXT1 gene (37%), and another 13 had an EXT2 mutation or deletion (37%). In addition to these pathogenic mutations, uv's were detected in four patients, one in EXT1 and three in EXT2.
This mutation detection rate of 74% in a cohort of patients, clinically affected with MO is in accordance with Wuyts et al, 18 who, on the basis of other literature, state that mutations in EXT1 and EXT2 are responsible for over 70% of the cases. In five of the index patients analysed, no possibly disease-causing mutation could be detected. There are several plausible reasons as to why pathogenic mutations could not be detected in every patient. The promoter regions of the EXT1 and EXT2 genes were not examined for mutations. Furthermore, material of the index patients was sent to confirm the clinical diagnosis of MO with DNA-analysis. It is uncertain for us whether in all cases the phenotype of the patient fully matched the clinical picture of MO. In routine clinical practice MO can be confused with skeletal disorders affecting multiple bones, such as Olliers disease or metachondromatosis. Therefore, we recommend the phenotype as well as the skeletal radiographs to be evaluated by expert review before the initiation of mutation analysis. Also, the mutation could be missed in patients who are somatic mosaics. The Annealing temperature for all exons is 551C, except for exon 10 of EXT2. For this exon the annealing temperature is 651C.
mutation has to be present in at least 25% of the lymphocytes to be detected by direct sequence analysis. Another possibility is the existence of a third gene (EXT3) that is responsible for the clinical picture of MO. In previous literature, linkage analysis suggested that this gene could be located on the short arm of chromosome 19. 19 This reported linkage however has never been observed by other groups, nor has a responsible gene at this locus been cloned. Lastly, positional changes like translocations, inversions or insertions that affect the structure of the gene and the function of the protein will not be detected by either sequence analysis or MLPA.
With the MLPA four deletions were detected in this cohort of 35 index patients. Thus, a significant amount of the mutations present in patients with MO consist of an exonic deletion. In this study exonic deletions seem to occur more often in EXT1 than in EXT2, but the numbers of deletions are too small to determine if this is significant. Noticeable, however, is that in two cases a deletion of exon 1 of the EXT1 gene was detected. This deletion was also detected in another DNA sample, originating from another laboratory. A common ancestor is unlikely, since all three patients originate from a different country, the Netherlands, Spain and the United States and have different haplotypes. Besides, the deletion of one patient seems to have occurred de novo, since the family history is negative. Clustering of deletions in intron one is explainable by the large size of this intron. Further work needs to be carried out to determine the breakpoints and more patients need to be tested to define the full deletion spectrum.
Wuyts et al 18 stated that for European patients the fraction of mutations in EXT1 is slightly higher than that in EXT2. The mutations detected with sequence analysis in this cohort were evenly distributed between the EXT1 and EXT2 genes and, thus, in this cohort both genes seem to play an almost equal role in the occurrence of MO.
In the EXT1 gene, more than one-third of the mutations were detected in exon 2. Along with two splice site mutations, two different missense mutations were detected in this exon at amino-acid position R340. Clustering of variants in the amino acids G339 and R340 has been reported before. 9, 10, 20 The crucial function of these amino acids for the EXT1 protein was confirmed by McCormick et al, 21 who showed that EXT1 constructs containing missense mutations G339D and R340C are completely inactive in vitro. we find a much larger proportion of splice site mutations. A total of 50% of the pathogenic mutations involve either a splice donor or a splice acceptor site. Especially in the EXT2 gene, the percentage of detected splice site mutations was high (67% of the mutations found in EXT2). Some of the splice site mutations were described before, while others were not published in the literature or in a database. All of the newly detected splice site mutations involved the last nucleotide of the intron or the first of the exon in case of the splice acceptor site, and in case of the splice donor site the last nucleotide of the exon or the first of the intron. There were two exceptions, c.963-2a4g in EXT1 and c.1080-2a4g in EXT2. This last mutation was detected in two independent index patients. In the family of one of these index patients cosegregation of osteochondromas and this splice site mutation with the disease could be demonstrated. Using a splice prediction programme, all splice site mutations caused the loss of the original splice site (www.fruitfly.org). Three different uv's were detected with sequence analysis. None of them was detected in 100 control chromosomes, so pathogenicity could not be excluded. The segregation analysis of c.764T4C was suggestive for this variant to be disease causing.
In conclusion, we have found 26 gene alterations in 35 index patients who were clinically affected with MO. Four of the gene alterations were exonic deletions detected with MLPA. The number of splice site mutations was larger than expected from the literature. For the screening of the EXT1 and EXT2 genes we recommend a quantitative analysis such as MLPA followed by direct sequence analysis.
